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Quantum-confined Stark effects QCSEs in a polarization-free m-plane In0.15Ga0.85N/GaN multiple
quantum well MQW blue light-emitting diode fabricated on the low defect density DD
freestanding GaN substrate were investigated. The electroluminescence EL peak at 2.74 eV little
shifted to the higher energy with the increase in current because of the absence of the polarization
fields. The effective radiative lifetime increased and the nonradiative lifetime decreased with the
increase in the junction field, and the results were quantitatively explained in terms of field-induced
QCSE including tunneling escape of holes from the MQW. As a result of the use of the low DD
substrate, the equivalent internal quantum efficiency, which was approximated as the spectrally
integrated EL intensity at 300 K divided by that at 150 K, of 43% was achieved. © 2007 American
Institute of Physics. DOI: 10.1063/1.2802042
Wurzite Al,In,GaN grown in nonpolar and semipolar
orientations are attracting attention,1 since the strained quan-
tum wells QWs fabricated on nonpolar planes are free from
the quantum-confined Stark effects QCSEs caused by the
polarization fields Fpol,
2,3 which reduce the oscillator
strength of electron-hole pairs in c-plane QWs. Nonpolar In-
GaN multiple quantum well MQW light-emitting diodes
LEDs exhibiting purple and blue colors have been
demonstrated.4 However, the output power Po=270 W at
a driving current If of 20 mA Ref. 4 was far lower than
that of the conventional c-plane blue LEDs due to the pres-
ence of high density threading dislocations TDs and basal
plane stacking faults SFs.5 Recently, low defect density
DD m-plane InGaN LEDs have been realized using the
freestanding FS-GaN substrate,6,7 which was sliced from a
c-plane FS-GaN grown by halide vapor phase epitaxy Mit-
subishi Chemical Co.. As a result, Po and external quantum
efficiency were dramatically improved.
In this letter, influences of built-in and external bias
Vex-induced junction fields Fj on the recombination
dynamics are investigated for a low DD m-plane
In0.15Ga0.85N/GaN MQW blue LED.
6 The changes in inten-
sity of a photoluminescence PL peak at 2.74 eV caused by
the change in Vex and temperature T are quantitatively ex-
plained in terms of radiative and nonradiative lifetimes.
The LED investigated was grown by metalorganic vapor
phase epitaxy on the low DD 325-m-thick m-plane
FS-GaN.6 The value of full width at half maximum FWHM
of the 101̄0 GaN diffraction peak of the x-ray rocking
curve was 123 arcsec. The LED consisted of a 3-m-thick
GaN:Si contacting layer, a five-period 3.7-nm-thick
In0.15Ga0.85N/8.6-nm-thick GaN MQW active region, a
37-nm-thick lightly Si-doped GaN barrier, a 28-nm-thick
Al0.09Ga0.91N:Mg electron blocking layer, and a 70-nm-thick
GaN:Mg contacting layer. The LED structure was confirmed
to have very few TDs and SFs.6 A Au/Ni transparent elec-
trode was deposited on the GaN:Mg layer. Steady-state PL of
the wells was selectively excited with the 405.0 nm line of a
cw InGaN laser diode LD 32 W/cm2. Time-resolved
photoluminescence TRPL was excited by a frequency-
doubled 365 nm mode-locked Al2O3:Ti laser 100 fs,
400 nJ/cm2.
The photovoltaic PV spectrum at 293 K exhibited
broad peaks at 3.26 and 3.1 eV and a superficial peak at
3.4 eV, as shown in Fig. 1. The decrease in the PV intensity
for photon energies higher than 3.4 eV is due to the absorp-
tion of the excitation light by the top GaN:Mg. The peak at
3.26 eV is assigned to the transition involving Mg acceptor
level in p-GaN. The MQW signal at 3.1 eV was followed by
an absorption tail extending to 2.7 eV. In general, a PV sig-
nal in ideal QWs exhibits a convolute lineshape of staircase
functions and sharp exciton absorption peaks. However, as
has been reported for c-,3 a-, and m-plane8 InGaN QWs, the
absorption signals are not ideal. The InGaN QWs have vari-
ous degrees of in-plane bandgap inhomogeneity. This poten-
tial fluctuation broadens the excitonic absorption peak and
consequently exponential-tail states are formed. The effec-
tive bandgap Eg,eff 2.925 eV of the MQW is thus defined as
the energy at which the PV intensity decreases to half of its
maximum, as shown in Fig. 1. We note that the tail
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400 meV was narrower than the previous value
600 meV.8 Electroluminescence EL spectra at 293 K ex-
hibited a peak at 2.74 eV, whose FWHM was 164 meV. The
peak energy was lower than Eg,eff 2.925 eV and the Stokes-
type shift was 180 meV. With the decrease in T from
300 to 150 K, the EL peak energy If =5 mA increased
from 2.732 to 2.786 eV and the FWHM value decreased
from 163 to 104 meV. The equivalent internal quantum effi-
ciency int
eq, which was approximated as the spectrally inte-
grated EL intensity at 300 K divided by that at 150 K, was
43%. The value was higher than the previous value 34%.8
These results indicate that present LED is more homoge-
neous in composition and is of higher quality.
The EL peak energy slightly shifted to the higher energy
with increasing If from 46 A to 20 mA. However, the blue-
shift 12 meV was lower than that of the c-plane one
60 meV9, indicating the absence of Fpol parallel to the QW
normal. The electric field component E of the MQW emis-
sion was principally polarized perpendicular to the c axis
Ec and the EL peak energy 2.743 eV for Ec was
lower than that measured under E parallel to the c axis E c
2.752 eV for If =20 mA data not shown. The result is
consistent with the theoretical prediction10 that the transi-
tions from the conduction band to the highest E2 and the
second highest E2 valence bands in in-plane anisotropicaly
compressively strained m-plane InxGa1−xN/GaN MQWs are
allowed for Ec and E c, respectively. The polarization
ratio I− I / I+ I, where I and I are the EL intensities
for Ec and E c, respectively, was 0.45. The value may be
reasonable, since the energy states and polarization selection
rules in QWs are different from those of strain-free bulk
states.11 Another possible reason is the scattering of the light
at the back and side surfaces.
To investigate the influence of Fj on the luminescence
spectra, the wells of the LED were selectively excited under
various Vex, and the PL spectra at 150 and 293 K are shown
in Figs. 2a and 2b, respectively. The spectra exhibited the
MQW peak at around 2.72.8 eV and the well-known yel-
low luminescence band generated in the FS-GaN. The peak
energy and normalized spectrally integrated PL intensity of
the MQW are plotted as a function of Vex in Figs. 3a and
3b, respectively. Note that the PL intensity at Vex=
+2.5 V is assumed to be unity at 150 K and the value at
293 K is set to 43%. To explain the results quantitatively,
energy band diagrams and wavefunctions of an electron e
and a hole h in an m-plane In0.15Ga0.85N/GaN QW are cal-
culated by solving the one-dimensional Poisson equation and
Schrödinger equation self-consistently. In the calculation, Eg
at 300 K of the InGaN alloy coherently grown on GaN is
deduced from Eg of GaN 3.412 eV, Eg of InN 0.65 eV,
and the bowing parameter of 2.6 eV.12 The electron effective
mass me
* 0.18m0 for GaN Ref. 13 and 0.04m0 for InN,
where m0 is the electron mass and the hole effective mass
mhh
* 1.52m0 for GaN Ref. 13 and 1.61m0 for InN Ref. 14
of InGaN are assumed to obey the Vegard law. The ratio
FIG. 1. Color online PV and EL spectra of the m-plane In0.15Ga0.85N/GaN
MQW blue LED fabricated on the low DD FS-GaN.
FIG. 2. Color online PL spectra of the m-plane In0.15Ga0.85N/GaN MQW
blue LED under Vex at a 150 K and b 293 K. PL from the wells was
selectively excited with the 405.0 nm line of a cw InGaN LD. Calculated
band diagrams c under thermal equilibrium and d Vex= +2.5 V.
FIG. 3. Color online a PL peak energies of the m-plane
In0.15Ga0.85N/GaN MQW blue LED at 150 K closed triangles and 293 K
closed circles as a function of Vex. The broken line is a calculated QW
transition energy. b Normalized spectrally integrated PL intensities at
150 K closed triangles and 293 K closed circles. The intensities are nor-
malized to the values at Vex= +2.5 V at 150 K. c Effective PL lifetime
PL,eff at 8 K closed squares, 150 K closed triangles, and 293 K closed
circles as a function of Vex. Values of R,eff and NR,eff at 150 K are also
plotted by open circles and open squares, respectively. Similar data sets at
293 K are plotted by open double circles and open triangles, respectively.
The solid lines are guides for the eye.
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between the conduction and valence band discontinuities is
taken as Ec :Ev=5:1.
15 The built-in Fj under thermal
equilibrium is calculated to be 279 kV/cm using the values
of nominal residual donor concentration in the MQW
51017 cm−3, ionized donor and acceptor concentrations
in n- and p-type layers 21018 and 31019 cm−3, respec-
tively, and the relative dielectric constants along the m-axis
r, 9.28 for GaN Ref. 16 and 15.4 for InN Ref. 17. The
value of Fj under Vex is calculated to increase from
1.7 kV/cm for Vex= +2.5 V to 525 kV/cm for Vex=−3 V.
Representative results under thermal equilibrium and
Vex= +2.5 V are shown in Figs. 2c and 2d, respectively.
As shown in Fig. 3a, PL peak energy is nearly independent
of Vex. The result indicates the absence of Fpol and the exis-
tence of bandgap inhomogeneity, since the redshift
10 meV is smaller than that of the calculated transition
energy 33 meV broken line in Fig. 3a. As shown in
Fig. 2c, the h is no longer confined in the QW and thus
holes tunnel through the triangular-shaped GaN barrier even
under the thermal equilibrium. Note that the e is not fully
confined in the QW and spreads into the triangular-shaped
potential barrier, and thus electrons also tunnel through the
barrier with slower tunneling rate. The tunneled holes are
considered to recombine nonradiatively with electrons in the
barriers and/or at the interfaces or to generate a photocurrent.
Consequently, the MQW PL intensity was significantly de-
creased with the increase in Fj and even completely
quenched for Vex=0 V at 293 K.
To investigate the influence of Fj on the recombination
dynamics quantitatively, spectrally integrated TRPL signals
were measured as a function of Vex at 8, 150, and 293 K as
shown in Fig. 4. All the TRPL signals exhibited nonidentical
decay shapes, which can be fitted by a stretched exponential
function. Therefore, the effective PL lifetime PL,eff is de-
fined as the time after excitation at which
0
PL,effItdt /0
tlimItdt becomes 1-1/e, where It is the inten-
sity at time t and tlim is the time when Itlim becomes
0.01I0. The values of PL,eff are plotted as a function of Vex
by closed symbols in Fig. 3c. The effective radiative life-
time R,eff and effective nonradiative lifetime NR,eff are
deduced from PL,eff and int
eq using the relations,
1 /PL,eff=1/R,eff+1/NR,eff and int
eq =1/ 1+R,eff /NR,eff.
Note that the int
eq value for each Vex is approximated as the
normalized PL intensity shown in Fig. 3b. The obtained
lifetimes are plotted by open symbols in Fig. 3c. The value
of R,eff increases with the decrease in Vex, as shown by open
circles 150 K and double open circles 293 K, reflecting
the reduction in the oscillator strengths of electron-hole pairs
QCSE. The R,eff value also increases with T, reflecting the
two-dimensional confinement of carriers in the QWs. Con-
versely, NR,eff decreases rapidly with decreasing Vex, as
shown by open squares 150 K and open triangles 293 K.
Since the PL intensity also decreased with Vex, the hole tun-
neling may dominate the nonradiative process of the present
QWs.
In summary, the influence of electric fields on the recom-
bination dynamics of localized excitons in the m-plane In-
GaN MQW LED fabricated on the low DD FS-GaN was
analyzed. Steady-state EL peak around 2.74 eV little shifted
to the higher energy by the increase in If because of the
absence of Fpol. The value of int
eq was 43%, which was
higher than previously reported values. The R,eff value in-
creased and NR,eff decreased with the increase in Fj. Present
results indicate that electronic states in nonpolar III-nitride
QWs can be quantitatively treated by the theory developed
for traditional III-V and II-VI semiconductor QWs.
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